discovery, the possibility to extend the QHE to 3D systems was speculated [5] [6] [7] [8] . The most straightforward strategy is to stack multiple copies of 2D QHE layers along the axis.
With negligible interlayer coupling, a quantized 3D Hall conductivity 2 ℎ 1 would be expected, assuming l is the 2D QHE layers spacing separation. This idea was indeed realized in semiconductor superlattice systems 9, 10 . However, such weakly coupled layer systems are still of 2D nature (often referred to as quasi-2D), whose topology of Fermi Surface (FS) is opening, and qualitatively different from a 3D enclosed FS. This distinct topology of FS has clear experimental indications for quasi-2D and (ansiotropic) 3D
systems. For example, in the presence of a magnetic field B, the electron's cyclotron motions for 3D FS are always in closed semi-classical orbits, regardless of B's direction.
Whereas, for an opening quasi-2D FS, the electrons cannot complete a cyclotron motion where the orbits are open in certain B directions.
To distinguish a genuine 3D QHE from such quasi-2D QHE, one needs to compare two energy scales 11 : the bandwidth along the magnetic field (z) direction and the Fermi energy EF. If <EF, the system is quasi-2D. On the other hand, if ≥EF, then the system is 3D.
If we increase the interlayer coupling to make the layered structure a "genuine 3D
system", the bulk will often become conductive due to dispersion along direction, and the quantization of will be lost. Nevertheless, in a pioneering theoretical work 5 ,
Halperin showed that for a general 3D system with a periodic potential, as long as the Fermi level lies in an energy gap, the Hall conductivity will take the form of (assuming the magnetic field is in the direction) comes from the gap between the Landau bands (in which case corresponds to the crystal lattice periodicity), the required magnetic field will be at least thousands of Tesla, which is unattainably large.
There is another possibility. The energy gap may be opened by interaction effects that drive the Fermi surface instability, such as the formation of charge density wave (CDW) 12, 13, 14 , spin density wave (SDW) 15 , or excitonic insulator states 16 . In such cases, corresponds to the period of the formed "superstructure" which generally differs from the lattice periodicity. This possibility of an interaction-driven 3D QHE is further facilitated by the magnetic field, which suppresses the electrons' kinetic energy in the -plane, making them effectively "quasi-1D" particles. The reduced dimensionality will enhance the interaction effects. Particularly, in the so-called extreme quantum limit with only the lowest Landau band (partially) occupied, we would have the celebrated Peierls problem for a single partially-filled quasi-1D band, which possesses the wellknown Fermi surface instability with arbitrarily small interaction strength, due to its perfect Fermi surface nesting.
This intriguing possibility of 3D QHE has been actively pursued in crystalline materials in the past, for example, inorganic Bechgaard salts 17, 18 , η-Mo4O11 19 , n-doped Bi2Se3 20 , EuMnBi2 21 and SrTiO3 22 . Although traces of the emergence of a gap were observed in these experiments, the crucial evidence for the QHE, i.e., the vanishing , had not been observed. In fact addition, those reported experiments are lack of some clear in-plane quantum oscillations, which are essential evidence for 3D nature. Thus, a definitive testimony for the 3D QHE has not yet been demostrated.
The main challenges of observing 3D QHE are the following. First, the condition for achieving the extreme quantum limit requires ultralow carrier density or extremely high magnetic field, which is very hard to achieve for most realistic materials. Second, the opening of a sizable interaction gap (compared with the measurement temperature)
requires the sample to have very high quality. Otherwise, the formed CDW or SDW ordering would be easily suppressed by impurities or defects.
Zirconium pentatelluride (ZrTe5) offers a desirable platform for investigating 3D
QHE, as we demonstrate below. ZrTe5 has an orthorhombic layered structure with space group Cmcm (No. 63), as schematically shown in Figure 1a . Here, the three principal crystal axes , , and are labeled as corresponding to the directions ( ) . The material was studied in the past for its unusual thermoelectric properties 23 , and recently it attracts revived interest due to its possible nontrivial band topology 24,25,26 : Its conduction and valence bands nearly touch, forming a Dirac-point-like band structure around the Γ point [27] [28] [29] [30] . The material enjoys the following advantages for our purpose.
It can be made very pure, with negligible intrinsic defects, which enables the achievement of ultralow carrier density and ultrahigh mobility. As we shall show, the extreme quantum limit can be obtained by a small field as low as 1.5 T. The Dirac like spectrum helps to increase the mobility and produce the unconventional zeroth Landau band. In addition, the strong structural anisotropy gives rise to a relatively large effective mass along , which further enhances the interaction effects when a magnetic field is applied along this direction.
Our experiment has been performed on four different bulk ZrTe5 samples. Hereafter we shall present the explicit results for one particular sample S#2, and the main features 
, where denotes the field direction. In our measurement, we find only a single dominant frequency for each field direction, consistent with the picture of a single electron pocket with a regular convex shape, as we mentioned before.
The extracted oscillation frquencies for B field along the three pricipal directions are , = 15.7 ± 0.2 T , , = 9.2 ± 0.1 T , and , = 1.18 ± 0.02 T , respectively. As shown in Figure 2 e, we are assuming that electron pocket is of ellipsoidal shape, which is reasonable for orthorhombic crystal symmetry and at low carrier density, we have Table   I . The result shows that the pocket is quite small, indicating the ultra-low carrier density.
And , , which is along the stacking direction, is an order of magnitude larger than , and , , reflecting the strong structural anisotropy. The associated effective mass along is ~ 2.5 , about two to three orders of magnitude larger than the other two directions, which tends to enhance the interaction effects under a strong field.
Since , is a crucial factor in the following discussion, we also estimate its value using an alternative approach. The bulk carrier density has been determined by the lowfield Hall measurement, and in our case, it is related to the Fermi wave-vectors via
, /(3 2 ). Hence, , can be obtained as , = 3 2 3 ℏ/(2 , ).
For instance, for sample S#2, , estimated using this approach gives a value of It must be pointed out that for the QHE observed here, the system bandwidth (~400 meV) 24 is much larger than the Landau level spacing ∆ (~25 meV at 2 T). Hence, the QHE observed in our experiment is indeed of 3D nature, distinct from those quasi-2D systems consisting of weakly coupled 2D QHE layers.
To understand the origin of planteaus, we first note that the value of the , where is the period for the periodic potential in real space (possibly divided by an integer number), and can be extracted from the value of the measured quantized plateau in . We find that the value of varies from sample to sample. For sample S#2, ≈ 5.9 nm. Evidently, the period is much larger than the lattice constant along (~ 1.45 nm ), and the energy gap cannot be explained as arising from the lattice potential.
A key observation is made by noticing that the value of is close to half of , , i.e. the Fermi wavelength along . Surprisingly, this observation applies to all the samples that we studied. In Figure 3 b, we plot the values of and , for the four samples we have studied in Table II . One can see that, although and , vary from sample to sample (mainly due to the variation in carrier density), all the data points are sitting close to the straight line representing the relation = , /2. Since the wavelength , /2 corresponds to the wave-vector of 2 , , namely, the span of the Fermi surface along , this strong correlation between and half of , clearly points to a Fermi surface instability. Indeed, it has been long believed that a strong magnetic field can drive various Fermi surface instabilities for a 3D electron gas. The essential physics is the following. The applied field quantizes the electron motion in the plane perpendicular to the field, effectively suppressing the in-plane kinetic energy, whereas the motion along the field is not affected, thus making the system behave as a quasi-1D
system. The original 3D band structure is turned into the 1D Landau band spectrum with only dispersion, as illustrated in Figure 3 c. With sufficiently strong field (here about 1.3 T), the system enters the extreme quantum limit, where only the lowest ( = 0 ) Landau level is occupied, and the Fermi surface becomes only two points with perfect Fermi surface nesting. It is well known that such quasi-1D systems possess pronounced Fermi surface instabilities driven by interaction effects towards various insulating phases, such as CDW, SDW, excitonic insulators, etc. For the current system, there is only a single electron Fermi pocket, and the lowest Landau level has no spin degeneracy 34 (owing to both Zeeman splitting and strong spin-orbit coupling), hence SDW and excitonic insulator states are unlikely. The only reasonable candidate is therefore a CDW state. In such a CDW state, one expects periodic electron density modulation along the direction, with a period corresponding to the nesting wavevector close to 2 , right after entering the extreme quantum limit, which is in good agreement with the experimental observation.
Our result, therefore, indicates an interaction-driven 3D QHE. Here, the interaction effects are enhanced by several factors. One is the Landau quantization by the magnetic field, which effectively reduces the dimensionality of the electronic system. The second is the structural anisotropy, resulting in relatively small dispersion along the axis. And the third one is the ease in achieving the extreme quantum limit due to the low carrier density and single electron pocket, where perfect Fermi surface nesting can be realized. We noticed that some previous experiments on ZrTe5 had multi sequences of quantum oscillations in ρxx (also ρxx≫ρxy) 27, 28 , which is possibly due to the different sample qualities arising from different sample growth methods.
Moreover, we note that approaches zero only in a small interval of field strength, e.g. 1.7 T to 2.2 T for Sample S#2, and starts to increase with further increasing field. This indicates that the energy gap induced by the CDW may cross the Fermi level only over a limited range of magnetic field. The wave-vector , in the extreme quantum limit should depend on , since the Landau level degeneracy is proportional to . In the simplest picture, then it seems that the period of CDW and hence would be field dependent, apparently contradicting the relatively flat plateau that is observed. These observations can be understood by noticing that the values of are close to integer multiples of the interlayer spacing along (recall that there are two layers per unit cell, and the interlayer distance is about 0.725Å): for S#1, S#2, S#3, and S#4, these values are within error equal to 4, 8, 7, and 7 times, respectively (see Table II ). Given the layered structure in the direction, it is reasonable that such commensurate CDWs are more stable than the incommensurate ones 35, 36 , and once a commensurate CDW is formed, it is likely to be pinned by the interaction with lattice We are unable to determine the nature of the insulating state above at present.
There are at least two possibilities. The first candidate is the formation of Wigner crystals. We note that the values of corresponding to the critical filling factor ~ 0.182, 0.173, and 0.193, for Sample S#1, S#2, and S#3, respectively, which are all below 1/5. This is consistent with the common belief that Wigner crystals would form below the critical filling factor of 1/5 39, 40, 41 . The second possibility is the localization due to impurities and defects [42] [43] [44] [45] . For high-quality samples, the main source of defects are the dopants. Here Landau orbit size gets progressively smaller in a strong magnetic field, leading to carrier localization on these defects. 
